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'C' SECTION I

I NTRODUCTION

.4. Powder metallurgical processing of aluminum alloys is complicated

because of the oxide skin that forms on the surface of powder particles.
Sintering of aluminum alloy powders in the solid state does not produceI . the desired mechanical properties in these alloys since the oxide film

4 has to be modified to a certain extent in order to achieve bonding

P between particles (Reference 1). This is obtained by deforming the

particles sufficiently to allow them to be Owelded6 to each other. The
remnants of the original oxide film are broken-up and distributed in the

final product, e.g., by forging or extrusion. This process is not
understood in detail, nor is the effect on the mechanical properties of
the product. It is known that degassing of powder or green compacts is

a critical processing step related closely to the oxide skin
(Reference 2). However, deformation conditions in forgings and

extrusions are equally important. To identify parameters affecting the
mechanical properties and related to the oxide distribution, the

following approach has been proposed.

a. Identify the oxide in powder and product.

4 b. Define the oxide distribution in powder and product.

- c. Determine the relation of oxide distribution to mechanical
0

properties in PM products.

This work is concerned only with the oxide identification and distri-

bution. The second part relationship of the oxide distribution to
mechanical properties is being addressed in a parallel program within

the Structural Metals Branch, AFWAL, Materials Laboratory.

Because of the very fine distribution of oxide observed in certain
/ processing conditions, there has been some confusion in the past

regarding oxide identification. In the present investigation, several
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microscopical and analytical methods have been applied to follow and

identify the oxides. These were performed starting with a coarse

distribution of oxide and progressed to a condition in which there were
* very finely distributed oxides. The oxide distribution observed may be

* modified depending on composition and structure of oxides, atomization
method, degassing practices and processing conditions. Essentially, the

oxide skin was followed through the P/M processing steps anid related to

processing parameters.

Next to the oxide distribution, the mechanism of "breaking-up" the
oxide skin is of particular interest. It is expected that a better

understanding of this process may help optimizing conditions favoring a
fine oxide distribution.

The role of the oxide skin has been pointed out in a number of
publications on powder metallurgy of aluminum alloys. Sintered aluminum

powder (SAP) probably was the first material where the oxide played an
important role (References 3, 4 and 5). Emerging mechanically-alloyed

powders are produced by mechanically distributing oxides (References 6

and 7). In other high strength aluminum alloy powders, the oxide skin is
* present as a consequence of the air-atomization process and not

intentional.

Effects of oxide inclusions have been reported on grain growth, re-
crystallization behavior and stabilization of microstructure. With

*respect to mechanical properties, a dispersion hardening effect has been

considered as a contribution to the strength of the material. On the
other hand, oxide inclusions may have an adverse effect producing aI
stress concentration and acting as initiation sites for fatigue cracks

* (Reference 8).

For the discussion of these effects, any information on the oxideI

distribution is valuable. A fine homogeneous distribution would give

* support to a dispersion hardening effect, whereas a coarse distribution,
e.g., at grain boundaries, may favor early crack initiation.

2
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In the following, the term "oxldem refers to the oxidation product

forming the oxide skin on the surface of powder particles regardless of'.- ..

composition and structure of this film.
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SECTION II

MATERIAL AND EXPERIMENTAL PROCEDURE

In this investigation, powders of pure Al (A199), 2000 and 7000

series and of an Al-Li-base alloy were processed and examined.

Materials and processing procedures are listed in Table 1. Mixtures of

powders were also produced and processed in experiments designed

specifically to follow the oxide skin.

The following parameters were considered:

Atomization Method - By different powder producers, mostly air

atomization, 7175 also He-atomized, Al-Cu-Mg-Li-Zr alloy flue-gas

atomized.

Powder Particle Shape and/or Size Distribution - APO 16-100 wm.

Oxide Content - Via atomization method and/or particle shape, 7175 +

0.2% oxide and +0.4% oxide.

Degassing Procedure - Recommended degassing, no degassing, intentional

Oxidation.

Extrusion Ratio - 1:1 to 40:1.

Deformation Temperature - Room temperature to 450°C/8400 F.

Heat Treatment - Preheat, solution heat treatment, aging.0

Alloy Composition - By mixing of alloy particles.

Powders and products were examined by optical microscopy (OM),

scanning electron microscopy (SEM), transmission electron microscopy

(TEM) and scanning transmission electron miscroscopy (STEM). Analyses

were performed by energy dispersive analysis (EDA) in the SEM

4
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TABLE 1

MATERIALS AND PROCESSING PROCEDURES

Hot-
Press Deformation

APDa Temp Processing Temperature Performed
Material Pm Degas. 0C (OF) and Shape 0C (°F) Ratio at

A199 16 No 482 extrusion 93 (200) 14:1 AFWAL
(900) round bar

2124 60 Yes 480 extrusion 450 (842) 20:1 DFVLR
(896) u-shape

7175+.2ox 60 Yes 460 extrusion 430 (806) 20:1 DFVLR
(860) u-shape

7175+.4ox 60 No 460 extrusion 430 (806) 20:1 DFVLR
(860) u-shape

7091 16 Yes 482 forging 400 (752) 67% AFWAL
(900)

7091 16 Yes 398 extrusion 398 (750) 40:1 AFWAL
(750) round bar

7175+.2ox 60 No --- HERFb 300 (572) 8:1 DFVLR

+A199 60 extr.,
round bar

7175+.2ox 100 No 470 extrusion 440 (824) 24:1 DFVLR

+2124 100 (878) rect. bar

7175+.2ox 60 No --- extrusion 204 (400) 7:1 AFAL

+2124 60 round bar

7175+.2ox 30 No --- HERF 400 (752) 7:1 DFVLR

+2124 30 round bar

7175+.4ox 100 No 470 extrusion 440 (824) 24:1 DFVLR

+2124 100 (878) rect. bar

7175+.4ox 30 No --- HERF 400 (752) 7:1 DFVLR

+2124 30 round bar

7091 16 No --- extrusion 93 (200) 14:1 AFWAL
+A199 16 round bar

Al-Cu-Mg- NAc  Yes NA rolling NA 67% Alcoa

Li-Zr plate

Ia

aAPD - Average Particle Diameter.

bHERF = High Energy Rate Forming.

CNA a Not Available.

5
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TABLE 2

CONDITIONS EVALUATED AND OBSERVATION METHODS

7175 7175 7091 Al-Li
Alloy A199 2124 7175 7091 +A199 +2124 +A199 Base

Producer Eckart Eckart Eckart Alcoa Eckart Eckart Alcoa Alcoa
Reynolds Eckart Eckart Reynolds
Alcoa

aAPD, lm 60 60/60 100/100 16/15
16 60 60 16 60/60
15 30/30

Powders

LN b b b b

* SEN b b b b

- TEM b c c c See components --

TEM-DIFF b d c c of mixtures
dAES --

- Degassing No Yes Yes Yes No No No Yes
procedure (various)

Hot-Pressed

TEN c b b c c C

TEM-DIFF d d d d d d -" -

Forged

TEM C
.2

Extruded

LM c b b b c c c
SEN C b b b c c c
SEN/EDA .. ........
TEN C c C c c c c C
TE-DIFF AC AC Ad Ad Ad Ad Ad Ad

*0 STEN-EDA .. .... c c uTWd c

a APD = Average Particle Diameter.
bEarlier investigation (DFVLR).

cThis investigation.

dResult on oxide structure or composition, A * amorphous, C = crystalline.

6
4.
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and STEM, ultra-thin-window (UTW-) EDA in the STEM and by Auger-electron

spectroscopy (AES). Conditions examined and observation methods used

are listed in Table 2. The individual examination methods were used to

develop the information listed in Table 3.

TABLE 3

EXAMINATION TECHNIQUES

ON: Dendritic structure of powder particles, particle shape
after compaction, grain morphology in compacts.

SEM: Powder particle shape and surface topography.

TEN: Imaging of oxides at high magnification (max. 200,O00x),
determination of oxide distribution.

TEM/DIFF: Diffraction patterns (spot or ring) from crystalline
oxide, diffuse patterns from amorphous film.

EDA-SEM: Element analysis for identification of alloy particles,
composition, element distribution.

EDA-STEM: Composition analysis for powders, precipitates, and
second phases.

UTW-EDA-STEM: In addition to EDA detection of oxygen (approximately
80%) and carbon (approximately 20%) x-ray-radiation.

AES: Composition of surface layers on powder particles, depth

Mg, Al.

Information on various techniques of surface analyses is given in

References 10, 11, and 12. In this investigation, only AES has been

used for surface analysis. For TEN in this program, a special method

was developed for preparing sections of small powder particles

(References 13 and 14). In this method, particles are electrolytically

embedded in a nickel foil (Figure 1). TEN specimens were prepared by

7
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jet-polishing the foil in a mixture of 20% HNO 3 and methanol at -45
0 C

(-500F). Since this process may have an effect on the oxide, at least

one sample was prepared for comparison by ion-milling for every condition

whenever information on the oxide skin was obtained. Oxidation during

ion-milling is restricted to "natural" oxide skin and is not assumed to

cause any change in the oxide distribution investigated.

* r*
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"li,:SECTION III

RESULTS AND DISCUSSION

1. POWDERS (A199, 2124, 7175, 7091)

Most of the information on the oxide skin was obtained by TEN. A

typical nickel-foil with alloy particles is shown in Figure 2. Although

the resolution in this image is not high enough to reveal any details in

the oxide skin, it can be seen that the oxide film is not removed

completely from all particle surfaces by the ion-milling process. The
dendritic structure of the particle is revealed by the etching effect of

ion-milling. At higher magnification, the dendritic particle surface

embedded in nickel can be seen, Figure 3 (arrow). The oxide skin

observed on as-atomnized powder is very thin and makes imaging of the
surface film perpendicular to the foil surface difficult. Once the skin

has been removed from the surface, imaging and production of diffraction

pattern is less difficult, as will be shown later. Because of the

imaging conditions, the exact thickness of the oxide skin could not be
determined. However, from all instances where the oxide skin was imaged,

it could be concluded that its thickness does not exceed 50A.

In the 2124 alloy powder investigated, the oxide skin has been
partly removed during ion-milling or could be imaged very close to the

TEN-foil edges (Figure 4). Diffraction patterns indicate that the oxide

film is amorphous, since only a diffuse halo was observed with no

0evidence of discrete spots or rings (Figure 5). However, in a few

locations, very small prticles in the oxide film could be imaged in
bright and dark field conditions (Figures 4 and 6). The particle size

0

was in the range of 10 to 50A and sharp diffraction rings were obtained.

Evaluation of the diffraction pattern indicated that the observed phase

was MgO (Table 4). Frequently, oxide skin has been found in inter-
dendritic regions close to the particle surface (Figure 7). These

regions are close to locations, where crevices between dendrites on the

0 particle surface terminate (Figures 8 and 9). These oxides may not be
A affected by degassing as effectively as is the surface oxide skin.

9
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TABLE 4

DIFFRACTION PATTERN ANALYSIS IN 2124 POWDER

Diffraction Pattern L = 41A mn 1  MgO (ASTM)

Ring Radius Relative d-spacing d-spacing Relative
0 o

R, - Intensity A A Intensity hKl

17 5 2.41 2.431 1 111
19.5 10 2.10 2.106 10 200

27.5 7 1.49 1.489 5.2 220

1.270 0.4 311
32.5 <1 1.26 1.216 1.2 222
34.5 1 1.19 ?

40 <1 1.025 1.053 0.5 400

0.967 0.2 331
44.5 1 0.92 0.942 1.7 420
49 <1 0.84 0.860 1.5 422

" 0.811 0.3 511

I.1

10
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AES was performed on a few selected specimens of air-and helium-

atomized 7175 powder. The distribution of elements determined after

sputtering of the particle surface is shown in Figure 10. The oxide skin

in this alloy contains Mg, Al, and 0. The air-atomized powder shows a

higher degree of oxidation. From these data and the corresponding0

sputtering rate for a Ta205 standard (330A/min), the oxide skin thickness

can be estimated. Assuming that the sputtering depth at half maximum of

the oxygen-signal indicates the oxide skin thickness, 130A, is obtained0

for air-atomized powder and 185A for He-atomized powder. This result is

somewhat surprising because a thinner oxide skin would be expected with

He-atomization. Furthermore, the oxide thickness determined by AES is

not in agreement with the thickness determined by TEM in this Investi-0

gation (typically 50A). Different methods of thickness determination of

the oxide skin on aluminum alloy particles, e.g., by SIMS, ISS and NMR0o

(References 17, 18 and 19) support the thickness of 50A range rather0

than above 1OOA. In general, the geometry effect is an important factor
in thickness determination of surface layers with AES. Sputtering

through a flat, well-defined surface would give a result close to the

actual thickness measured from the change in signal intensity. In a

rough surface the signal from unremoved oxides would change not only the

steepness of the gradient but also the absolute reading of the measured

oxygen. This is especially true for sputtering of loose powders. The

geometry effect would cause an over-estimation of the oxide thickness.

These effects and the applicability of AES for thickness measurements

have been observed and discussed (Reference 15).

2. COLD- AND HOT-PRESSED POWDERS (A199, 7175, 7091 AND MIXTURES)

The TEM-image of hot pressed powders shows in many cases the double

oxide skin (~50A) between two powder particles (Figure 11). The film is
occasionally separated from the particle surface, especially at higher

pressing temperatures. Due to the small amount of deformation, very

little break-up of the skin has been observed.

Ii, 11
tZ, .. . . . ... . ., . "",,".. - "" .'
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The oxide film shows its typical contrast in TEM, when removed from

the surface. A very fine-grained structure, powdered contrast which

changes little with tilting angle, indicates an amorphous or micro-

crystalline structure.

For identification of the oxide film, A199 powder was intentionally

oxidized and compacted at 4800C (9000F) for 1 hour (Figure 12). This

oxide film showed the same contrast as the oxide skin observed in the

other alloys investigated. Electron beam diffraction showed patterns

indicative of amorphous material with a certain amount of y- (or n-)

A1203 for the A199 compacts (Figure 13 and Table 5). The system of very

fine diffraction-rings indicates that the crystallite size of A1203
nucleated in the oxide skin is extremely small, (probably -10A). This

is in accordance with the limited thickness of the film of approximately
0

50A determined by the major number of TEM observations. y-A1203 is the

phase which might be expected to be formed on pure aluminum during

atomization (high temperature/high cooling rate). Nucleation of Y-A1203

in the amorphous film may also occur during hot-pressing, especially with

oxygen present (References 20, 21 and 22).

TABLE 5

DIFFRACTION PATTERN ANALYSIS FOR A199 COMPACTS
-1

Diffraction Pattern XL=25Amm" y-Al203 (ASTM)

Ring Radius Relative d-spacing d-spacing Relative
0 0

R, mm Intensity A A Intensity hKL

4.56 4 ill
2.80 2 220
2.39 8 311

10.7 2 2.34 2.28 5 222
" * 12.7 9 1.97 1.997 10 400
• 1.520 3 511

17.7 10 1.41 1.395 10 440
22 1 1.14 1.140 2 444

1.027 1 731
0.989 1 800
0.884 1 840

* 0.806 2 844

12
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Electron beam diffraction analyses of alloy material throughout all

processing steps in this investigation indicate that the thin film

observed is amorphous of microcrystalline, as is the film identified in

A199. In addition, UTW-EDA has been applied to verify that the observed

film in extruded alloy material contains oxygen and is the oxidation
product in question (Figure 14). All oxide skin fragments observed seem

to have a rather uniform thickness.
.

In some cases, very small MgO crystals have been observed in the

oxide skin residues in extrusion, e.g., in 2124 alloys. These alloys

already showed MgO crystals in the oxide skin of the powder. This may

explain why MgO was also observed in extrusion, however, crystallization

of MgO may also have occurred during high temperature extrusion. In

some instances, crystallization of MgO in the amorphous oxide skin could0

be caused by heating the specimens locally with the electron beam.

During hot-pressing, recrystallization may occur if deformation and

temperature are high enough. In many cases, the double oxide skin does

not appear to prevent grain growth from one particle to the next through

their surfaces, even between powder particles of different alloy
* .-7"compositions. The oxide skin also does not seem to hinder diffusion of

alloying elements at solution heat treatment temperatures of different
alloys. This has been reported for cold-rolled material processed from a

mixture of two different alloy powders (Reference 23). Because of the

oxide skin, it is generally possible to locate the original powder

" surface even after recrystallization of hot-pressings. However, this is
extremely difficult in material processed to high extrusion ratios

(higher than 5:1 in round-bar extrusions), because of severe

deformations and recrystallized grains present.

TEM of hot-pressed powders shows that the oxide skin may be removed
from the powder particle surface even at smaller amounts of deformation.

The oxide film appears to prevent bonding between particles in this step

of processing. Although different degassing procedures have been used

in this study, the effect of degassing on the oxide skin prior to

'
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hot-pressing has not been investigated. However, this appears to be of

great importance for the understanding of some of the following

findings and should be studied in detail.

3. FORGINGS AND EXTRUSIONSa

The oxide skin present in hot-pressed material is probably

completely separated from the original particle surfaces in the forging

process, in the form of stringers or flakes (Figure 15).

Forgings from an earlier program (Reference 24) were examined in the

TEM. The particles forming the stringers unfortunately were too small

to be analyzed or identified as oxides. For this reason, an indirect

method was developed which evaluates the material flow during

deformation and can be applied to indicate the path of the oxide away

from the original particle surface during processing. For experimental

reasons, this method was applied to extruded material and will be

described below.

Unlike forgings, all extrusions produced after properly degassing

showed finely dispersed oxide skin residues (2124, 7175, 7091). These

extrusions were generally produced at higher ratios (20:1, 20:1, 40:1,

respectively), which favors the break-up of the oxide skin. The 7091

material showed the largest dispersoids, most likely because of the

relatively fine average particle diameters (APD) of 16um of the powder

processed compared to 60pm APD in the other alloys (Figures 16 and 17).

As observed in TEM, these particles were inhomogeneously

distributed, sometimes in stringers, and were too small to be analyzed.

0 However, the fine particles were insoluble by solid solution treatments

and their image contrast was identical to the oxide skin previously

observed. Thus, it has been assumed that these are fragments of the

'All material in Table 2.
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oxide skin. To validate this assumption, the process of the oxide

break-up has been studied in detail by two different experiments:

a. The amount of oxides has been increased and the rate of
breaking-up decreased so that the oxide could be followed easily, and

b. A method of marking the original powder particle after

deformation has been developed so that the small particles could be

associated with the particle surface. This method allows indirect
identification of oxide skin residues and the material flow and the

mechanism of breaking-up of the skin by extrusion.

Hot-pressed A199, artificially oxidized, has been extruded 14:1 at

* 930C (2000F). Figure 18 shows the extruded microstructure. The oxide

film has been separated from the original particle surfaces, but is still
predominantly present between particles or has been incorporated into

the soft aluminum. It essentially prevents bonding between the metal

particles. Obviously, this is an example for extremely unfavorable

conditions for producing powder products. The film fragments are large

enough to be identified in the extrusions by the methods described

previously with the hot-pressed products.

The large flakes of oxide skin suggests that the oxide skin in this

condition is rather ductile or flexible. The microstructure of the A199

extrusion resembles that of extrusions of mixtures of aluminum powders

with some soft polymer fibers or powders (e.g., polyethylene-terephtalate

(Reference 25)). In both cases, the oxide film and the deformed polymer
may prevent bonding between the aluminum powder particles.

*Extrusions of heavily oxidized aluminum showed that in the extruded

structure, the oxide skin is found mostly at the powder particle

interphases. Only a small fraction of oxides is found inside the soft

-, aluminum particles. At higher extrusion ratios, this process is assumed
* to be essentially the same except that with the higher elongation of the

15
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particles, the spacing between oxide stringers decreases. In addition,

oxide skin fragments located at the powder surface are increasingly torn

apart from each other with higher extrusion ratios.

If the fine particles observed are assumed to be oxide skin

fragments, more information of their origin would be obtained.

Unfortunately, the powder surfaces are difficult, if not impossible, to

locate in high ratio extrusions, as discussed earlier. To overcome this

problem, mixtures of 50:50 wt. percent powders of different alloys have

been extruded. In this way each powder could be identified in the TEM.

The first approach was a mixture of 50% A199 and 50% 7091, extruded

* 14:1, where the alloy is easy to recognize in the SEM because of the

contrast due to the difference in composition (Figure 19). In the TEM,

7091 was clearly recognized because it contains Co2Alg dispersolds.

.. Because of the relatively coarse distribution, however, Co2A19 does not

delineate the boundaries accurately. An aging treatment was given to

form fine precipitates in 7091 powders, so that the boundaries between

both materials were revealed (Figure 20). A similar experiment was

performed with a mixture of 7175 and A199 extruded 8:1. The result of

these experiments showed that the degree of oxide skin break-up increases

with extrusion ratio. Particles assumed to be fractions of the oxide

film indeed were associated with original particle surfaces or at least

found very close to these surfaces. In the following examples, the

material flow following extrusion and the concurrent motion and breakup

3f the oxide skin are described.

The dark region around the 7091 particle in Figure 21 shows a large

amount of oxide skin because of the low amount of deformation, whereas
the skin is much more broken-up in the elongated tail-section of this

particle (Figure 22). The oxide film may be found closely attached to

the particle (but probably not strongly) or piled up against the 7175

powder particle in the softer A199 powder (Figure 23). Figure 24 shows

grain growth through the particle surface even at this low deformation

temperature (930C, 2000F). In a regular extrusion, the particle surface

probably would have been undetectable. The break-up seems to be directly

16
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related to the orientation of the skin relative to the extrusion
direction or the amount of shear deformation. Figure 25 shows the

difference in oxide skin motion parallel to the extrusion direction and

perpendicular to the extrusion direction. Generally, the oxide film is

torn apart in extrusion direction, but moved very little in the

transverse direction or away from longitudinal particle boundaries.

The mixture of 7091/A199 represents hard particles in a soft matrix

and the material flow must be expected to be different from extrusions

of like powders. Additional experiments were carried-out with two alloy

* powders of approximately equal strength, a mixture of 50% 2124 and 50%
7175. The SEN examination shows similar deformation behavior between the

two alloy powders in the 2124/7175 mixture, in contrast to the A17091

* mixture in which a larger difference was observed (Figure 26). However,
the break-up of the oxide skin and the material flow in extrusion are

very similar to each other and confirm the description of the

distribution process described previously. The amount of oxide observed

was much less in the mixture extruded at 4400C (8250F) compared to the
2050C (4000F) extrusion. However, diffusion that occurs during the 4000C

extrusion made the two different alloy powders indistinguishable.

Additional experiments with extrusions of HERF powder mixtures did

* . not add information to the understanding of the break-up process. The
result on the oxide distribution in these experiments were essentially

the same. All oxides observed stem from oxide skin fragments and were

* - all distributed inhomogeneously in the extrusion direction.

Skin fragments were observed from extremely small and finely
distributed to intermediate flakes with irregular shaped or rounded

* edges. The largest fragments occurring were tangled or folded and seem

to consist of plastically behaving oxide skin.

17
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Three typical oxide distributions observed are summarized as

*follows:

a. Large tangled residues of oxide skin (on the order of hIm),

coarsely distributed, high volume content. Observed in intentionally

oxidized A199 extrusion and Li-containing Al alloys. Generally, a

detrimental effect on mechanical properties can be expected (Figures 18,

28 and 29).

b. Intermediate or rather large film flakes, rarely folded or

tangled (on the order of 1000A), small to high volume fraction. Observed

generally with low temperature extrusion; without degassing procedure;

reduced mechanical property levels expected (Figure 27).

c. Very small residues (-30A) at the detectability limit of TEM

bright field image, inhomogeneously distributed, very small volume
i fraction. Typical for material with good mechanical properties produced

by accepted procedures (Figure 17).

Larger residues of oxide skin often appear to behave like a plastic

or elastic film. They are folded or tangled into a three-dimensional

arrangement. If this happens to a more brittle film, it would break at

the folded edges. In this way, the ductile or brittle nature of an

oxide skin is determined from the shape it appears in after deformation.

ry

During electrolytical jet polishing or ion-milling, the metal around

the oxides is removed. For both thinning methods, the oxide skin is not

removed at the same rate as the metal, especially in the case of ductile

film. Thus in TEM, film flakes are partly located at the surface of the

thin foil. However, TEM observations indicate that film residues are

also located inside the sample material.

Large oxide residues were identified by their contrast in TEM bright

field image and by their location relative to the original particle

boundaries. Electron beam diffraction showed patterns indicating an
amorphous structure of the film. This may be due to the fact that

18
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most extrusions were produced at low temperatures and without degassing.

At higher temperatures, there is a possibility of crystalline oxide

nucleation during hot-pressing or during degassing, as observed with MgO
in 2124.

Intermediate size oxide particles were analyzed by UTW-EDA in the

STEM as reported earlier in this section.

Generally, the shape of the oxide film flakes varies with the
physical properties of the oxides and processing conditions. Film edges

are serrated and irregular or well-defined and rounded. In some cases, a

coagulation of oxide skin residues has been observed. Those features

varied with the time period after sample preparation and storage in the
desiccator. However, it is not clear whether only oxide film portions on

the TEM-foil surface are affected or also those inside the thin foil.

The following parameters have been found to play a role in the oxide

distribution in extrusions:

-degassing

1. - deformation temperature
-amount of shear deformation

.4,

...? The oxide distribution changes from coarse to fine with a more effective

4 ~ degassing procedure and with increasing deformation temperature and

* shear deformation amount. Three other parameters have been expected to
have effects on the oxide distribution:

-oxide content of the powder
-* - particle shape

-particle size distribution

These parameters have not been varied systematically in this investi-
gation and no evaluation of effects on oxide distribution can be
reported. However, a higher density of oxide skin residues has been

19
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observed in extrusion made from fine powders compared to coarse powders

(7175/2124 - 30om APD compared to 60Pm).

- The mechanism of breaking-up the oxide skin has been found to be the

same in all experiments, that is, it depends only on the nature and

properties of the oxide skin. It can be described in two steps, both

occurring during extrusion:

a. Separation of oxide skin from particle surface

b. Distribution of broken-up film fraction:

(1) Oxide film behaves in a "brittle" manner:

Film is broken-up into small pieces with no folding of film

or overlapping, finely distributed but not homogeneous; oxide residuals

still concentrated in stringers close to original particle surface.

This distribution should not strongly degrade mechanical behavior.

(2) Oxide film behaves in a "ductile" or "elastic" manner:

Film is folded and crumpled up, frequently overlapping;

distributed in longitudinal direction, very coarse. This distribution

is likely to be deterimental to mechanical behavior.

*_ A typical example for step 2b has been observed in flue-gas-atomized

Al-Li-base powders after extrusion. The oxide skin Is retained in

larger flakes which are removed from the powder surface during extrusion

but cannot be broken because of the ductile-elastic-plastic behavior

-0 (Figures 28 and 29). These conditions resemble the extrusion of

aluminum powders with certain plastics (Reference 25). In this

condition, the oxide film tangles do not completely fill the cavity

around them, again similar to plastics in aluminum extrusions. These

0. voids will be detrimental to mechanical properties. Poor fatigue

properties in some of the Al-Li base alloys have been attributed to

oxide at the grain boundaries (Reference 26).

20
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SECTION IV

SUMMARY

The objective of this investigation was to obtain information on the
distribution of the oxides in P/M aluminum alloy products. In this
study, examination has been concentrated on the oxide distribution in
the final powder product: conventional or HERFa extrusions.

Two factors control the oxide distribution in extrusions: the

matrix flow in deformation and the properties of the oxide film to be
dispersed. The geometrical distribution is determined mainly by the

* plastic flow in the metal whereas size and shape of the oxides are
* strongly affected by the mechanical properties of the oxide skin.

1. DISTRIBUTION OF OXIDE RESIDUES

Following the matrix flow in extrusion, oxide skin fragments located
at or near particle boundaries are moved apart from each other in the

longitudinal direction. With higher extrusion ratios, these stringers
or flake arrangements get closer to each other in the transverse
direction and the dispersion of oxide skin residues is more uniform

than at low extrusion ratios. However, this distribution is far from
being homogeneous. The distribution achieved depends also on the

particle size after break-up.

* The bond between the oxide skin and metal is apparently not very
* strong and the break-up occurs in the early stages of the deformation

process. After the skin has been removed from the surface, it is still
located close to it, but dispersed in the extrusion direction. A

similar effect is expected in forgings.

:Z:

* alligh Energy Rate Forming.
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2. BREAK-UP OF OXIDE SKIN FRAGMENTS

The break-up process has been found to be strongly affected by the

mechanical or physical properties of the oxide skin. Plastic/elastic

skin is very difficult to break-up, but brittle oxide skin will be

broken into small pieces or particles relatively easily.

Oxide skin properties appear to be significantly affected by

degassing procedures. Deformation temperature plays an equally

important role. It is not clear whether oxide film properties are

- changed with deformation temperature or deformation amount.

2
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SECTION V

CONCLUSIONS

Oxides observed in P/M aluminum alloy products are broken-up

fragments of the oxide skin from powder particles. Extrusions of

properly degassed compacts show a small amount of fine oxides. This

observation indicates that only minor contributions to strengthening

and microstructure stabilization may be expected from the dispersion.

An adverse effect on mechanical properties may be seen in the

extrusions produced at low temperatures, without degassing or with Li-

containing alloys. In such extrusions, the breakup of the oxide skin

is incomplete and the distribution is localized. This type of oxide

distribution is assumed to have a "weakening-effect" on the structure.

The main problem in aluminum powder metallurgy regarding the oxides

is how to break-up the oxide skin fragments properly during processing.

This will be achieved by properly controlling the following:

a. Processing conditions:

- processing temperature

- deformation mode

- deformation ratio

b. Deformation properties of oxide skin:

- alloy composition

- composition and structure of oxide skin

- degassing procedure
0 - deformation temperature

23
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SECTION VI

FUTURE WORK

Similar experiments of powder mixture extrusions are suggested for

forged material. For forgings, in particular, an isotropic shear
* deformation may be expected with special forging techniques. Parameters

should be adjusted to maximize the break-up of the oxide skin.

Systemic degassing experiments are required to better understand
what controls the breakup. There are a number of parameters which may
cause either plasticity or brittleness of the film. In degassing,
decomposition of the oxide skin occurs and the amorphous oxide may

transform partly into crystalline phases. A combination of degassing

0 experiments and electron microscopic investigations are required to show

whether removal of hydroxyls favor a more brittle behavior of the skin.

The determination of the hydroxyl content of the oxide will have to be

carried-out by nuclear magnetic resonance experiments. This data would

*. have to be related to mass-spectrometrical, TEN and surface analysis

data.

Crystalline oxides, MgO or -y-A1203, in the amorphous film have been
observed in some cases. The transformation of the oxides, if any, in the

film should be investigated in detail and related to processing

conditions, e.g., hot-pressing parameters. This may answer the question
on how crystallization of the amorphous skin changes its properties and

if this effect plays a role in the oxide break-up. In addition, the

thickness of oxide skin may play a role in determining its mechanical
properties to a certain d( ree. Although skin thickness was not observed

to vary considerably, a certain variation may be achieved by different

atomization methods (air vs. inert-gas atomization).

4.: A program for two studies extending this investigation is suggested

in the following section.

24

.4



I4

1 AFWAL-TR-83-4157
(.

1. SUGGESTED PROGRAM

a. Forging Experiment
p.

I.,%

Purpose: To compare the nature of oxide break-up and distribution in

forgings with that in extrusions. Specifically, material flow and

penetration of the oxide into the material will be examined, initially

keeping all conditions similar to those of extrusions already examined.

Material: Mixture of 7091 and pure Al.

Preparation:

Mix
green compact: standard method

can: standard method
degas: can be a variable

consolidate: by standard methods (start with low temperature)

forge: start with A-upset, with option to add AB, ABC,

channel-die and/or spike forgings

Characterization:

macro examination for flow

radial cuts in pancake (NA") forging

foils parallel to cuts, away from low flow regions

b. Degassing Experiment

Purpose: To determine how the precompaction environment affects the

nature (morphology, distribution, etc.) of the oxide skin that may, in

turn, control the properties of the final product.

Phase 1: What degassing schemes change oxide nature the most.

Phase II: How the difference in oxide nature affects selected

mechanical properties?

4 25
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Material: Alloy (to be determined)

Loose powders and green compacts

Degassing Variables:

Vacuum level high - best effort

middle
low - 1 atm

* .Gas -inert, air, humidity (can add later)

Temperature -based on available data on degassing

Transfer - temperature, time, cooling rate, environment

consolidation.

%WI

a-6



-. L , , , . - . . ._ - . ._ . . .. .- - . . ..... -. 1 - ..- -

AFWAL-TR-83-4157

H10 .Pr

Figure I. Cross Section of an Electrolytically Deposited Ni-Foil
Containing Aluminum Alloy Powder Particles (SEM)

° !

'IJJ

Figure 2. Thin Foil Prepared as in Figure I and Ion-Milled for TEM
(SEM-Mode of STEM)
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,tb

Figure 3. Dendritic Structure at the Surface of a 7091-Powder Particle.
'~ Arrow Indicates Oxide-Skin (TEM, Ion-Milled)

-. %

.b~s (TEN, Bright Field, Ion-Milled)

28



AFWAL-TR-83-41 57

-. 29



Li-V
AFWAL-TR-83-41 57

Fiue7 edii Srcuea h ufaeo 01Pwe

0 Figure. DnrtcSrcuea h Surface ofa 7091-PowderPatceasAoid SM

03



AFWAL-TR-83-4157
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7091 Aft ATOMZED

Figure 9. Surface of 7091 Powder Particle, as Atomized
(SEM), at Higher Magnification

-- AES PROFILE 5 kV
ALUMINUM ALLOY POWDER :

%°" I'7175 AIR-ATOMIZED
705He - ATOMIZED

.5.

ifi

0 min

SPUTTER TIME

Figure 10. Auger-Electron-Spectroscopy Depth Profile of
Helium-Atomized 7075 and Air-Atomized 7175 Alloys
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100u

Figure 11. Double Oxide Film Between Two Hot-Pressed 7175
Alloy Powder Particles. The Interface is
Slightly Sheared (TEM, Jet-Polished)

Figure 12. Commercially Pure Aluminum Powder, Intentionally

Oxidized and Hot Pressed (TEM, Ion-Milled)
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Figure 15. Oxide Stringers ini a 7091 PM Forging 67% Deformation
at 400OC (7520F) (TEN, Jet-Polished)
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Figure 17. Oxides in a 20:1 Extrusion of 2124 PM Material.
Nucleation of MgO in Oxide Skin Fragments.
Highest Concentration Observed, Not
Representative (TEM, Jet-Polished)
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Figure 21. Extrusion as in Figure 19 (TEM,
Jet-Polished)
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""" JetJet-Polished)

'..'

F-...

"p. * 37

..,. ,,',';... ::. .'> . .. . .;,' ' -7 . ..':,: <.'.,-.', o ,; " ,..-;, -:'<.,,- .-. .- S.. a . a ,W a ;,, . , ,



-~-- 77 --7. ..*' '."t~ * t~

AFWAL-TR-83-4157

Figure 23. Oxide Skin Piled up in Front of a Hard 7091
Particle in a Soft A199-Matrix (TEM,
Jet-Polished)

0K

444,

4 00 NaL

Figure 24. Grain Growth Through Interface Between 7091
and A199. Location as in Figure 23 (TEN,
Jet-Polished)
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Pm4

Figure 25. Break-Up of Oxide Skin at Particle Surface
Oriented Parallel and Perpendicular to the
Direction of Extrusion (TEMW, Jet-Polished)
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100 t

Figure 27. Oxide Skin Flakes in an Extrusion Produced
From a Mixture of 7091 and A199 Powders
(TEN. Jet-Pal ished)
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